QDs water-solubilized by capping them with a shell of hydrophilic molecules have a hydrodynamic diameter no less than 8 nm. Furthermore, water-soluble QDs usually carry a shell of charged molecules on their surface. The electrostatic interaction between charged groups on the surface of a QD and an oligonucleotide or protein is accompanied by formation of nanoparticles of large mass and hydrodynamic size, 6 which makes precise control of a molecular beacon's on-off operation difficult. These problems mainly pertain to the physical chemistry of nanoparticles, organic molecules, and their assemblies. What are the main specific aspects of nanophotonics that are revealed in the operation of molecular beacons based on QDs?
When two dye molecules interact with each other via FRET in a molecular beacon, they can be treated as two point-like optical dipoles of equal sizes. This process can be described in terms of the classical Förster theory. The situation is much more complicated when either the emitter or the quencher or both are non-point-like nanosized particles, such as CdSe QDs. The excited electron-hole states in a QD are delocalized throughout the volume, and the corresponding optical dipole should be considered as an extended one (in contrast to a point-like optical dipole in a dye molecule). FRET between extended and point-like dipoles does not comply with the classical Förster rules. In fact, this results in a far less efficient FRET from the QD to the dye molecule in a QD-dye pair. 5 The FRET efficiency lower than 50% was obtained for a 1∶1 QD-dye ensemble with a dye molecule chemically bound to the surface of a CdSe/ZnS QD via a short aminoethanethiol linker. 7 The claimed 90% FRET quenching in molecular beacons with a CdSe QD donor and a dye acceptor seems to be a rare occasion. 8 The situation is even worse in the case of CdSe nanorods (NRs) used as FRET donors due to strong distance-limited ETs from the extended optical dipole in a CdSe NR tens of nanometers in length to the point-like dipole of the dye molecule.
9,10 A FRET efficiency as high as 100% can be achieved when the QD donor is in close contact with a few acceptor molecules, 11 but this is not the case with traditional molecular beacons with their one-to-one ratio between the donor and acceptor.
Apparently, efficient FRET in a one-to-one molecular beacon structure can be achieved only when both the emitter and the quencher are of the same size, e.g., a green CdSe/ZnS QD as a FRET donor and a red QD as an acceptor. This is especially useful in the case of ratiometric sensing platforms where quantitative analysis is based on the intensity ratio between simultaneous green and red emissions. However, permanent background emission from the QD acceptor may be an interfering factor. Instead of a QD-based acceptor, silver or gold plasmonic nanoparticles can be efficiently used to quench the donor emission in the off-state. 2 Unfortunately, unlike the optical absorption spectra of semiconductor QDs, those of Ag and Au nanoparticles smaller than 10 nm do not cover the entire spectral range, which is especially problematic for quenching the luminescence of donors emitting in the deep-red and NIR regions of the optical spectrum. In this case, one may use non-emitting core nanocrystals of narrow-gap semiconductors, such as PbS, PbSe, or even CdSe, doped with certain ions (Cu 2þ , Ag þ , etc.) that can completely quench the photoluminescence of CdSe QDs due to the formation of nonradiative recombination traps inside the CdSe core.
In conclusion, molecular beacons based on highly luminescent QDs have obvious nanooptical advantages and may replace organic dyes from their numerous photonic applications. On the other hand, the complicated surface chemistry and large sizes of QDs hamper their immediate practical use and require additional studies to engineer optimal beacons and optimize their application setups. Let us see what the future holds.
